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(54) Method of depositing a barrier Insulating layer with low dielectric constant on a copper film 



(57) Disclosed is a method of manufacturing a sem- 
iconductor device in whichi a barrier insulating film cov- 
ering a copper wiring is formed by a plasma enhanced 
CVD method. The method comprises the steps of con- 
necting a supply power source for supplying high fre- 
quency power of a frequency of 1 1^Hz or more to a first 
electrode 2, and holding a substrate 21 on a second 
electrode 3 facing the first electrode 2, the substrate 21 
on which a copper wiring is fonned; supplying a film 



fonning gas containing an alkyi compound and an oxy- 
gen-containing gas between the first and second elec- 
trodes 2, 3, and regulating a gas pressure of the film 
fonning gas to 1 Ton- or less; and supplying the high fre- 
quency power to any one of the first and second elec- 
trodes 2, 3 to convert the film forming gas into a plasma 
state, and allowing the alkyl compound and the oxygen- 
containing gas of the film fonning gas to react with each 
other and thus fomn a banier Insulating film covering the 
surface of the substrate 21 . 
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Description 

BACKGROUND OF THE INVPNTTIOM 
1 . Field of the Invention 



fJ?l»,?/J"^°"I '° ' °' '""'"<«*"l"9 a semfcondoclor de«ce, ami more Mrtlcubrl. 



formed by use of a plasma enhanced CVD method, 
2. Description of the Prior Art 



m s^eps after the formation of the copper wiring, annealing at about 400 to about 450 »C fe Srried oU Mor^lT^ 

[0005] However, the barrier insulating film is dense but shows a hiah relative diel^rir> o«nota«. 

nm^ST; ' '~"l«i"9 '«■» "'""S a relai™ deloclrtc con.»„> of 6 is Z* to ^ i m 

rtstl^^n^J? JS""" *" Of soo ™.i and . ^tellv. SSo 



SUI^MARY OF THE INVEMnOM 



r«nn« aiffusion, and to provide a method of manufacturing the same 

[0009] The use of the film forming gas converted into a plasma state only by the hIah freauencv now^r maK.« it 

5£F— ^^^^ 
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[0012] As described above, according to the present invention, the barrier insulating film having a further low relative 
dielectric constant can be fonned while maintaining the denseness enough to prevent the copper diffusion. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] 

FIG. 1 is a side view illustrating a constitution of a plasma enhanced CVD apparatus used for a method of manu- 
facturing a semiconductor device, which is an embodiment of the present invention. 

FIGs. 2A to 2K are charts lllustfBting a film fomiing method using particulariy effective combinations of gases and 
effective combinations of film forming conditions, which are the embodiment of the present invention. 
FIG. 3 is a graph illustrating a characteristic of a leakage cun-ent of a silicon-containing insulating film Immediately 
after a film formation (as depo.), which is formed under a film foonlng condition I by a film forming method of a first 
embodiment of the present invention. 

FIG. 4 is a graph illustrating a characteristic of the leakage current of the silicon-containing insulating film imme- 
diately after the film fonnation (as depo.) and after annealing, which Is fomied under the film forming condition I 
by the film fomfiing method of the first embodiment of the present invention. 

FIG. 5 is a graph Illustrating a characteristic of a leakage cun-ent of a silicon-containing insulating film Immediately 
after a film fonnallon (as depo.), which is fonned under a film fomiing condition II by a film forming method of a 
second embodiment of the present invention. 

FIG. 6 is a graph Illustrating a characteristic of the leakage current of the silicon-containing insulating film imme- 
diately after the film formation (as depo.) and after annealing, which is formed under the film fonning condition II 
by the film fomiing method of the second embodiment of the present invention. 

FIG. 7 Is a graph illustrating a characterlstte of a leakage cun-ent of a silicon-containing insulating film immediately 
after a film fonnation (as depo.), which is fonned under a film fonning condition III by a film forming method of a 
third embodiment of the present invention. 

FIG. 8 is a graph Illustrating a characterlstk: of the leakage current of the sliicon-containlng insulating film Imme- 
diately after the film formation (as depo.) and after annealing, which is formed under the film forming condition 111 
by the film fonning method of the third embodiment of the present invention. 

FIG. S is a graph illustrating states of a change of a relative dielectrb constant (k) of an Insulating film relative to 
a gas pressure (P) of a film fomiing gas, and a relationship of a dielectric breakdown-resistance of the insulating 
film after annealing with the gas pressure (P) and the relative dielectric constant (k), for the insulating film which 
is prepared under a film fomiing condition IV by a film fonning method of a fourth embodiment of the present 
invention. 

FIG. 10 is a graph illustrating a banier property for copper In the insulating film prepared under the condition IV 
by the film fonning method of the fourth embodiment of the present invention. 

FIG. 11 is a graph illustrating states of a change of a relative dielectric constant (k) of an insulating film relative to 
a NgO gas flow rate In a film forming gas, and a relationship of a dielectric breakdown-resistance of the Insulating 
film after annealing with the NgO gas fiow rate and the relative dielectric constant (k), for the insulating film which 
is prepared under a film fomiing condition V by a film fonning method of a fifth embodiment of the present invention. 
FIG 12 is a graph illustrating states of a change of a relative dielectric constant (k) of an insulating film relative to 
a He gas flow rate in a film fonning gas. and a relationship of a dielectric breakdown-resistance of the insulating 
film after annealing with the He gas flow rate and the relative dielectric constant (k). for the Insulating film which 
is prepared under a film fonning condition VI by a film fonning method of a sixth embodiment of the present Inven- 
tion. 

FIG. 13 Is a graph Illustrating states of a change of a relative dielectric constant (k) of an Insulating film relative to 
a NgO gas flow rate in a film fomiing gas, and a relationship of a dielectric breakdown-resistance of the Insulating 
film after annealing with the NgO gas flow rate and the relative dielectric constant (k), for the insulating film which 
Is prepared under a flim fonning condition VII by a film fonning method of a seventh embodiment of the present 
invention. 

FIG. 14 is a graph illustrating states of a change of a relative dielectric constant (k) of an Insulating film relative to 
a NH3 gas flow rate In a film fonning gas, and a relationship of a dielectric breakdown-resistance of the Insulating 
film after annealing with the NH3 gas flow rate and the relative dielectric constant (k), for the insulating film which 
is prepared under a film fonning condition VIII by a film fonning method of an eighth embodiment of the present 
Invention. 

FIG. 15 is a graph illustrating states of a change of a relative dielectric constant (k) of an underlying film of two 
Insulating films relative to sorts of the underiyingfilm and gas pressure (P).of aflim fonning gas, forthe underiying 
film which are prepared under a film forming condition IX- by a film fonning method of a ninth embodiment of the 
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present invention. 
DESCBIPTION QFTHE PREFFRRED EMBODiMFMTS 
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[0022] In the film forming gas supply portion 101B, there are provided a supply source for supplying an alkyi com- 
pound having a siloxane bond such as hexamethyl disiloxane (HMDSO: (CH3)3Si-0-Si(CH3)3) or the like, a supply 
source for supplying methyl silane expressed by a general formula: SiHn(CH3)4.„ (n = 0 to 3), a supply source for 
supplying an alkyI compound having an 0-SI-O bond, a supply source for supplying hydrocarbon (C^H^) such as 
methane (CH4), acetylene (C2H2) and ethylene (C2H4), a supply source for supplying an oxygen-containing gas such 
as oxygen (Og), dinitrogen monoxide (NgO). water (HgO), carbon dioxide (COg), a supply source for supplying ammo- 
nium (NH3), a supply source for supplying an dilution gas fomned of at least any one of He and Ar (inert gas), and a 
supply source for supplying nitrogen (Ng) that is also an inert gas. 

[0023] These gases are suitably supplied to the chamber 1 1n the film forming portion 1 01 A through branch pipes 9b 
to 91 and the pipe 9a connected to the branch pipes 9b to 91. In the respective branch pipes 9b to 9i. there are provided 
flow rate adjusting means 11a to 11 h and open/close means 10b to lOn and 10p to 1 0r for controlling communication/ 
noncommunication of the branch pipes 9b to 9i. Open/close means 1 0a for opening/closing the pipe 9a is provided in 
the pipe 9a. i^^oreover, close/open means 10s to lOx for controlling communication/noncommunication between the 
branch pipe 9i connected to the supply source of a gas and the other branch pipes 9b and 9g are provided In order 
to purge a residual gas in the branch pipes 9b to 9g by allowing the Ng gas to flow therethrough. Note that the Ng gas 
Is used also for purging a residual gas in the pipe 9a and the chamber 1 as well as in the branch pipes 9b to 9g, 
l\/loreover, the gas Is In some cases used as the film fomiing gas. 

[0024] According to the film fomiation apparatus 1 01 as described above, there are provided the supply source for 
supplying the alkyI compound having the siloxane bond such as hexamethyl disiloxane (HIVIDSO), the supply source 
for supplying methyl silane expressed by general fomiula: SiHn(CH3)4.n (n = 0 to 3), the supply source for supplying 
the alkyI compound having the 0-Si-O bond, the supply source for supplying hydrocarbon {Cn,H^, the supply source 
for supplying the oxygen-containing gas such as oxygen (Og), dinitrogen monoxide (NgO), water (HgO), carbon dioxide 
(CO2), the supply source for supplying ammonium (NH3), the supply source for supplying the dilution gas fomied of at 
least any one of He and Ar (inert gas), and the supply source for supplying nitrogen (Ng) that is also an inert gas. 
Moreover,.plasma generating means 2, 3, 7 and 8 for converting the film fomr^lng gas into a plasma are provided. 
[0025] Thus, it is possible to fonn a barrier insulating film with a low dielectric constant and high denseness, which 
is capable of suppressing copper diffusion, by use of a plasma enhanced CVD method described below. 
[0026] FIG. 19 is a sectional view of a semiconductor device in which the above film fonning method is applied to a 
barrier insulating film covering a wiring made mainly of copper. In FIG.19, films denoted by symbols 36a, 39 are the 
barrier insulating films covering a lower wiring and upper wiring made mainly of copper, respectively. 
[0027] In the semiconductor device, there are laminated a lower wiring bemed insulating film 32. an inter wiring layer 
insulating film 36 and an upper wiring berried insulating film 36 on the substrate 31 . The wiring bemed insulating film 
32, 36 both are formed of a low dielectric insulating film, and the Inter wiring layer insulating film 35 Is formed of a two- 
layered structure of the bamer insulating film and a low dielectric insulating film. 

[0028] The tower wiring 34 is berried in a wiring trench 32a of the wiring berried insulating film 32, and the upper 
wiring 38 Is bemed in a wiring trench 36a of the wiring berried insulating film 36, The lower wiring 34 and the upper 
wiring 38 are connected with each other by a connection conductor 37 benied in a via hole 35a formed through the 
Inter wiring layer insulating film 35. The lower wiring 34, the connection conductor 37 and the upper wiring 38 are 
formed of main copper films 34b, 37b, 38b, and bamer metal films 34a, 37a, 38a which protect lower parts and side 
portions of main copper films 34b, 37b, 38b. The barrier insulating films 35a, 39 cover the upper surfaces of the copper 
films 34b, 38b, respectively. 

[0029] Next, there will be made descriptions for an alkyI compound having a siloxane bond, methyl silane, an alkyI 
compound having an O-SI-0 bond, and hydrocaiton, which are the film forming gas of the banier insulating film used 
for the present invention. 

[0030] The following can be used as the representative example. 

(i) alkyi compound having a siloxane bond 

hexamethyldlsiloxane (HMDSO: (CH3)3Si-0-Sj(CH3)3) 
octamethylcyclotetrasiloxane (OMCTS) 
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CH3 CH3 
I 1 
CH3— Si -0 - Si -CHa 

I I 

0 0 

1 I 

CHb — Si - 0 — Si - CHs 
I I 
CH3 CH3 

tetramethyteydotetraslloxane (TMCTS) 



H H 

I I 

CHa — Si — 0 — Si — CHa 



0 0 

1 I 

CHa — Si — 0 — Si — CHa 

I . I 

H H 



octamethyltrisiloxane (OMTS) 



CHa CHa CHa 

I I I 

CHa — Si — 0 — Si — 0 —Si — CHa 

I I I 

CHa CHa CHs 

(ii) methyl silane (SiH„(CH3)4.„: n = 0 to 3) 

monomethylsilane (SiHgCCHa)) 
dimethylsilane (SiH2(CH3)2) 
trimethylsilane (SiH(CH3)3) 
tetramethylsilane {Si(CH3)4) 

(iiO alkyi compound having an 0-Si-O bond 

compound having a structural formula of CH3-0-SI(CH3)2-0-CH3 
(Iv) hydrocarbon (C„H„) 

methane (CH4) 
acetylene (CgHg) 
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ethylene (C2H4) 

(Description of a filnn fomning method of an embodiment of the present Invention) 

[0031] Next, a film fomriing method using a particularly effective combination of gases and an effective combination 
of film forming conditions, which Is the embodiment of the present invention, will be described with reference to FIGs 
2Ato2K. 

[00321 These drawings are charts illustrating a timing of an introductions of each gas composing the film forming 
gas into the chamber 1, conditions of a gas flow rate and gas pressure during the film formation, and a method of 
applying high frequency power and low frequency power applied to two electrodes of parallel plate type during the film 
fonnation. 

[0033] Among these drawings, FIGs. 2A to 2E illustrates the charts of the method of forming a silicon-containing 
Insulating film by use of a film forming gas composed of at least an alkyi compound and an oxygen-containing gas. 
[0034] In FIG. 2A, the pressure of the film forming gas introduced into the chamber 1 is regulated to 1 Torr or less, 
and high frequency power is applied to any one of the lower and upper electrodes 2 and 3, thus converting the filrn 
fonning gas into a plasma state. The chart of FIG. 2B differs from that of FIG. 2A in that the film fonnation Is carried 
out while Increasing the pressure of the film forming gas from low pressure to 1 Torr gradually. The chart of FIG. 2C 
differs from that of FIG. 2A In that the pressure of the film fonning gas Introduced into the chamber 1 is regulated to 1 
Torr or less for a certain period of time at the eariy stage of the film fomrialion, and then regulated to a higher pressure 
than 1 Torr after passage of the certain period of time. The chart of FIG. 2D differs from that of FIG. 2A in that high 
frequency power Is applied to any one of the upper and lower electrodes 2 and 3 and low frequency power Is applied 
to the other electrode for a certain period of time at the eariy stage of the film fomnation. The chart of FIG. 2E differs 
from that of FIG. 2A In that the flow rate of the oxygen-containing gas of the film fomiing gas Is made to be high for a 
certain period of time at the eariy stage of the film formation and Is made to be low after passage of the certain period 
of time. 

[0035] Moreover, in FIGs. 2F to 2K described below, on the assumption that the gases shown in the drawings are 
composed by adding these gases to other gases, only conditions under which each of the gases is added to other 
gases are illustrated. 

[0036] FIGs. 2F to 2H are charts when the film fonnation is carried out by use of a film forming gas containing dilution 
gas. 

[0037] In FIG. 2F, the dilution gas of an ordinary flow rate Is added. The chart of FIG. 2G differs from that of FIG. 2F 
in that the flow rate of the dilution gas Is increased. The chart of FIG. 2H differs from that of FIG. 2F in that the flow 
rate of the dilution gas is increased for a certain period of time at the earty stage of the film formation and, then, Is 
lowered after passage of the certain period of time. 

[0038] FIGs. 21 to 2J are charts when the film fonnation is earned out by use of a film forming gas containing at least 
any one of an ammonium gas and a nitrogen gas. 

[0039] In the chart of FIG. 21, at least any one of the ammonium gas and the nitrogen gas Is added through the entire 
period of the film fonnation. The chart of FIG, 2J differs from that of FIG. 21 in that at least any one of the ammonium 
gas and the nitrogen gas is supplied only for a certain period of time at the early stage of the film fonnation. 
[0040] The combinations of the gases illustrated in FIGS. 2F to 2K and other gases are realized by the following 
methods (a) to (c). (a) The gas of FIGs. 2B, 2D or 2E and any one of gases of FIGs. 2F to 2K can be combined, (b) 
The gas obtained by combining the gas of FIGs. 2B, 2D or 2E with any one of the gases of FIGs. 2F to 2H can be 
combined with any one of gases of FIGs. 21 to 2J. Moreover (c) each gas obtained as a result of the combinations of 
(b) can be combined with the gas of FIG. 2K. 

[0041] By use of the film fonning gas which Is converted Into a plasma state only by the high frequency power, a low 
relative dielectric constant can be achieved. Furthermore, It Is possible to maintain denseness of the Insulatlrig film 
enough to prevent copper diffusion by controlling the pressure of the film fonning gas to 1 Ton- or less at least at the 
early stage of the film fonnation . 

[0042] By forming the film while gradually Increasing the pressure of the film fonning gas from low pressure to 1 Torr, 
a dense film can be obtained at the portion closer to the wiring or the electrode mainly fonned of the copper film, and 
a film with a lower dielectric constant can be obtained as the film is apart from the wiring or the electrode. 
[0043] Moreover, the denseness can be enhanced by adding ammonium (NH3) or nitrogen (Ng) to the film forming 
gas at least at the early stage of the film formation, or by using the film forming gas containing the dilution gas composed 
of He, or by using the film forming gas increasing the flow rate of the dilution gas at least at the early stage of the film 
formation, or by applying bias power of the low frequency at the eariy stage of the film fonnation. 
[0044] Moreover, by adding the hydrocartDon, it is possible to enhance an etching resistance to an etchant of the low 
dielectric constant film fonned on the bam'er insulating film. 

[0045] As described above, the film formation Is carried out by use of a plasma enhanced CVD method to which the 
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present Invention is applied according to the foregoing chart, whereby it is possible to form the banier insulating film 

which IS dense enough to prevent the copper diffusion and has a low relative dielectric constant. 

[0046] Next, there will be described results of examinations of the relative dielectric constant and leakage current of 

the silicon-containing insulating film, which is fonned under various film forming conditions by the method of manuf ac- 

tunng a semiconductor device to which the present invention is applied by use of the foregoing plasma enhanced CVD 

apparatus. 

(1 ) First embodiment 

As a sample, after a surface oxide film on a copper film was removed by a treatment prior to a film fonnation 
a sihcon-containing insulating film was formed on the copper film. The silicon-containing insulating film was formed 
under the following film fomning.condltions by use of a plasma enhanced CVD method. 

(Treatment prior to film fonnation) 

[0047] 

(i) treatment gas: NH3 

gas flow rate: 500 seem 
gas pressure: 1 Torr 

(il) condition for plasnfia fonnation 

frequency: 13.56 MHz 
power: 1 COW 
time: 1 0 seconds 

(ill) substrate heating temperature: 375 ^'C 

(Film forming condition I) 

[0048] 

(I) condition of film forming gas 

HMDSO flow rate: 50 seem 
NgO flow rate: 400 seem 
He flow rate: 400 seem 
gas pressure: 1 Torr 

(ii) condition for plasma fonnation 

high frequency power (13.56 MHz) PRF: 260 W 
low frequency power (380 KHz) PLF: 0 W 

(ill) substrate heating temperature: 375 *C 
(iv) formed silicon-containing insulating film 

film thickness: 100 nm 
relative dielectric constant: 2.89 

(Annealing condition) 

[0049] 

temperature: 450 **C 
treatment time: 4 hours 
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[0050] In the measurement of the relative dielectric constant, a mercury probe having an electrode area of 0.0226 
cm2 was allowed to touch the surface of the silicon-containing insulating film. Then, a DC bias voltage was applied to 
the mercury probe along with a small signal voltage of 1 MHz, The relative dielectric constant was obtained by per- 
fomiing a conversion from the measured C-V characteristics. 

[0051] Moreover, in the measurement of the leakage cun-ent and the dielectric breakdown-resistance, the copper 
film was grounded and a negative voltage was applied to the mercury probe. 

[0052] The results obtained by measuring the leakage cun-ent and the dielectric breakdown-resistance are shown 
in FIG. 3 and FIG. 4. FIG. 3 and FIG. 4 are graphs obtained by examining the leakage cun-ent and the dielectric 
breakdown-resistance, the leakage cun-ent flowing between the mercury probe and the copper film which sandwich 
the silicon-containing insulating film therebetween. FIG. 3 shows the results obtained by examination Immediately after 
fomriing the silicon-containing insulating film. FIG. 4 shows the results obtained by examination after fomiing the silicon- 
containing insulating film and after annealing the silicon-containing insulating film under the foregoing conditions. 
[0053] The ordinate of FIG. 3 Indteates a leakage cun^ent density {AJctxfi) expressed by a logarithmte scale, and the 
abscissa of FIG. 3 indicates an Intensity (MV/cm) of electric field expressed by a linear scale, the electric field being 
applied to the silicon-containing insulating film. Note that the negative sign of the abscissa expresses that a negative 
potential is applied to the silicon-containing insulating film. FIG. 4 shows the same aspect as FIG. 3. 
[0054] As shown In FIG. 3 and FIG. 4, the leakage curent Is neariy equal to lO'^o A/cm^ when the Intensity of the 
electric field is -1 MV/cm. All over the measurement ranges of the electric field Intensity, the leakage cun-ent hardly 
changes before and after the perfonnance of annealing. 

[0055] The fact that the leakage current rapidly rises up between -4 MV/cm and -5 MV/cm in FIGs, 3 and 4 implies 
the occun«nce of the dielectric breakdown in the silicon-containing insulating film due to the electric field. The electric 
filed at which the dielectric breakdown occurs decreases a little after annealing. The electric field intensity at which the 
dielectric breakdown occurs is equal to -4 MV/cm or more, and this electric filed intensity is close to the substantial 
dielectrk: breakdown-resistance of the insulating film Itself. This result shows that the copper diffusion is suppressed. 
[0056] In the foregoing descriptions, though HMDSO having the siloxane bond is used as the alkyi compound, fore- 
going other alkyI compounds having the siloxane bond, for example, octamethylcyclotetrasiloxane (OMCTS), tetram- 
ethylcyclotetrasiloxane (TMCTS) or octamethyl-trisiloxane (OMTS) can be used. Further, methylsilane (SIHn(CH3)4.n: 
n=0 to 3) or an alkyi compound having an O-Si-0 bond can be used. 

(2) Second embodiment 

As a sample, after a surface oxide film on a copper film was removed by a treatment prior to a film formation 
similarly to the first embodiment, a silicon-containing insulating film was formed on the copper film. The silicon- 
containing insulating film was fomied under the following film fomiing conditions by use of a plasma enhanced 
CVD method. 

As the sample, the silicon-containing insulating film was fomned under the following film fomiing conditions by 
use of the plasma enhanced CVD method. Note that treatment conditions prior to the film f onnatlon and annealing 
conditions are the same as those of the first embodiment. 

(Film fomning condition II) 

[0057] 

(i) condition of film fonning gas 

HMDSO flow rate: 50 seem 
N2O flow rate: 400 seem 
He flow rate: 400 seem 
gas pressure: 0.5 Ton* 

(11) condition for plasma fomnation 

high frequency power (13.56 MHz) PRF: 250 W 
low frequency power (380 KHz) PLF: 0 W 

(lii) substrate heating temperature: 375 ^'C 
(iv) formed silicon-containing Insulating film 

film thickness: 100 nm 
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relative dielectric constant: 3.47 



Measurements of the relative dielectric constant and the leakage current were conducted In the same manner 
as the first embodiment. 

According to the measurement result, the relative dielectric constant was 3.47 as described above. 

Next, the results obtained by measuring the leakage cun-ent are shown in FIG. 5 and FIG. 6. FIG. 5 and FIG. 
6 are graphs obtained by examining the leakage current flowing between the mercury probe and the copper film 
as to the foregoing sample, which sandwich the siliconK^ontainlng insulating film therebetween. FIG. 5 illustrates 
the results obtained by examination immediately after fonning the silicon-containing insulating film. FIG. 6 illustrates 
the results obtained by examination after fomnlng the silteon-containing insulating film and after annealing the 
silicon-containing insulating film. 

The ordinate of FIG. 5 Indicates a leakage cun^ent density (A/cm^) expressed by a logarithmic scale, and the 
abscissa of FIG. 5 indicates an intensity (MV/cm) of electric field expressed by a linear scale, the electric field 
being applied to the silicon-containing insulating film. FIG. 6 illustrates the same aspect as FIG. 5, 

As illustrated In FIG. 5 arid FIG. 6, the leakage cun^ent Is equal to 1 0-^ Nom^ or less when the intensity of the 
electric field is -1 MV/cm Immediately after the film formation. All over the measurement ranges of the electric fteld 
Intensity, the leakage current hardly changes before and after the perfomiance of annealing. 

The intensity of the electric field at which the dielectric breakdown of the sllteon-contalning insulating film 
occurs ranges between -4 MV/cm and - 5 MV/cm, and this fact Implies that the copper diffusion is suppressed 
similariy to the first embodiment. 
(3) Third embodiment 

A sample was prepared in such a manner that after a surface oxide film on a copper film was removed by a 
treatment prior to a film fomriation similariy to the first embodiment, a siliconKJontaining Insulating film was fomied 
on the copper film. The silicon-containing insulating film was fornned under the following film fonning conditions 
by use of a plasma enhanced CVD method. 



(Film fomnlng conditfon 111) 
[0058] 



(i) condition of film forming gas 

HMDSO flow rate: 50 seem 
NgO flow rate: 400 seem 
He flow rate: 400 seem 
NH3 gas flow rate: 200 seem 
gas pressure: 1 .0 Ton^ 

(ii) condition for plasma formation 

high frequency power (13.56 MHz) PRF: 250 W 
low frequency power (380 KHz) PLF: 0 W 

(ill) substrate heating temperature: 375 
(Iv) fonned silicon-containing insulating film 

film thickness: 100 nm 
relative dielectric constant: 3.7 



Measurements of the relative dielectric constant and the leakage cunent were conducted In the same manner 
as the first embodiment. 

According to the measurement result, the relative dielectric constant was 3.7 as described above. 

Next, the results obtained by measuring the leakage cun-ent are shown In FIG. 7 and FIG. 8. FIG. 7 and FIG. 
8 are graphs obtained by examining the leakage current flowing between the mercury probe and the copper film 
as to the foregoing sample, whteh sandwich the silicon-containing insulating film therebetween. FIG. 7 illustrates 
the results obtained by examination immediately after fonning the silicon-containing insulating film. FIG. 8 illustrates 
the results obtained by examination after forming the sllfcon-containing insulating film and after annealing the 
slllcon^ontainlng Insulating film. 
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The ordinate of FIG. 7 indicates a leakage current density (A/cm^) expressed by a logarithmic scale, and the 
abscissa of FIG. 7 indicates an intensity (MV/cm) of electric field expressed by a linear scale, the electric field 
being applied to the silicon-containing Insulating film. FIG. 8 illustrates the same aspect as FIG. 7. 

As illustrated in FIG. 7 and FIG. 8, the leakage current is equal to 10-9 A/cm2 when the Intensity of the electric 
field is -1 MV/cm immediately afterthefilm fonnation. After annealing, the leakage current hardly changes its value 
from that before annealing, except that it decreased a little around -4 MV/cm of the electric field intensity. 

The Intensity of the electric field at which the dielectric breakdown of the silicon-containing insulating film 
occurs also ranged between -4 MV/cm and -5 MV/cm, and this fact implies that the copper diffusion is suppressed 
similarly to the first and second embodiments. 
(4) Fourth embodiment 

A fourth embodiment of the present invention will be described with reference to FIG. 9 and FIG, 1 0. 

FIG. 9 is a graph illustrating states of a change of a relative dielectric constant (k) of an insulating film relative 
to a gas pressure (P) of a film fomning gas and a relationship of a dielectric breakdown-resistance of the insulating 
film after annealing with the gas pressure (P) and the relative dielectric constant (k). FIG. 1 0 is a graph illustrating 
a barrier property of the insulating film for copper, for the insulating film which is prepared under a film fomrilng 
condition IV. 

First, the preparation conditions of the samples SI to S4 used for this Investigation will be described. The 
treatment conditions prior to the film fomiatlon and the annealing conditions after the film formation are the same 
as those of the first embodiment. The film fonning conditions are as follows. 

(Film fomiing conditfon IV) 

[0059] 

(i) . condition of film forming gas 

HM DSO flow rate: 50 seem 
flow rate: 400 seem 

gas pressure: parameters (0.5, 0.75, 1 .0 and 1 .6 Torr, each con-esponding to the samples S1 to S4) 

(ii) condition for plasma formation 

high frequency power (13.66 MHz) PRF: 250 W 
low frequency power (380 KHz) PLF: 0 W 

(III) substrate heating temperature: 375 
(iv) formed silicon-containing insulating film 

film thickness: 100 nm 

relative dielectric constant: see FIG. 9 

[0060] Measurement of the relative dielectric constant was conducted before annealing in the same manner as the 
first embodiment. Measurement of the dielectric breakdown-resistance was conducted in the same manner as that of 
the measurement method of the leakage cun-ent of the first embodiment. Examination of the barrier property of the 
fonned Insulating film for copper was conducted by SIMS (Secondary Ion Mass Spectroscopy). 
[0061 J FIG. 9 is the graph Illustrating states of the change of the relative dielectric constant (k) of the Insulating film 
relative to the gas pressure (P) of the film fonning gas and the relationship of the dielectric breakdown-resistance of 
the insulating film after annealing with the gas pressure (P) and the relative dielectric constant (k). 
[0062] In FIG. 9, the ordinate Indicates the relative dielectric constant (k) expressed by a linear scale, and the abscissa 
indicates the gas pressure (P) (Ton*) of the film fonning gas, which is expressed by a linear scale. Moreover, the meas- 
urement points are expressed by the symbol O, In this case, the symbol • in the symbol O indicates that all of the five 
measurement samples are not broken during the dielectric breakdown-resistance test after annealing. The symbol X 
in the symbol O indicates that all of the five measurement samples are broken. Moreover, the symbol A Indicates that 
one or two measurement samples among the five measurement samples are broken. A sample In which current flows 
through the insulating film from the early stage of voltage application to the insulating film was judged to be broken, 
and a sample, In which though the dielectric breakdown voltage decreased after annealing, the insulating film showed 
the breakdown voltage to some degree, was judged to be sound. This is applied also for fifth to tenth embodiments to 
be described below. 
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[0063] According to the results shown In FIG. 9, as the gas pressure (P) Increases, the relative dielectric constant 
(k) decreases. When the gas pressure (P) is equal to 1 .0 Torr or less, the insulating film showed the dielectric break- 
down-resistance, and did not show the dielectric breakdown-resistance when the gas pressure (P) was 1 ,5 Torr. 
[00641 FIG. 10 is a graph Illustrating investigation results of the barrier property of the formed insulating film for 
copper. The investigating results of FIG. 10 are obtained by Investigating the copper distribution in the insulating film 
before and after annealing by use of SIMS. 

[0065] In FIG. 10, the ordinate indicates a copper concentration (arbitrary unit) in the insulating film, which is ex- 
pressed by a logarithmic scale, and the abscissa indicates measurement spots (nm) measured from the surface of the 
insulating film, which are expressed by a linear scale. 

[00661 According to the results shown In FIG. 10, any of the samples SI to S4 contains copper In its Insulating film 
from the time when the samples 81 to S4 are subjected to annealing, and this is considered as that the insulating film 
IS adulterated with the copper during the film fonnatlon. Accordingly, it is inevitable that the change of the content of 
the copper in the insulating film before and after annealing is obsewed based on FIG. 10. 

[0067] When the obsen^ation is made from this viewpoint, as to the samples S3, none of the samples S3 was not 
broken in the dielectric breakdown-resistance test, but the samples S3 showed the copper diffusion into the insulating 
film. On the other hand, in the samples S1 and S2, the copper diffusion was hardly observed even after annealing 
Specifically, this Implies that the samples SI and S2 possess the barrier property 

(5) Fifth embodiment 

A fifth embodiment of the present invention will be described with reference to FIG. 11 . 

FIG. 11 is a graph illustrating states of a change of a relative dielectric constant (k) of an insulating film relative 
to a NgO gas flow rate in a film forming gas and a relationship of a dielectric breakdown-resistance of the Insulating 
film after annealing with the NgO gas flow rate and the relative dielectric constant (k). 

First, preparation conditions of the samples S6 to S9 used in this investigation will be described. Treatment 
conditions prior to the film fomiation and annealing conditions are the same as those of the first embodiment. The 
film forming conditions are as follows, 

(Rim forming condltfon V) 

[0068] 

(i) condition of film fonning gas 

HMDSO flow rate: 50 seem 

N2O flow rate: parameters (100, 200. 400, 600 and 800 seem, each eon^esponding to the samples S5 to S9) 
He flow rate: 400 seem 
gas pressure (P): 1 Ton- 

(ii) condition for plasma fomnation 

high frequency power (13.56 MHz) PRF: 250 W 
low frequency power (380 KHz) PLF: 0 W 

(iii) substrate heating temperature: 375 °C 

(iv) formed silicon-containing Insulating film 

film thickness: 100 nm 

relative dielectric constant: see FIG. 11 

Measurement of the relative dielectric constant was conducted before annealing in the same manner as the 
first embodiment. Measurement of the dielectric breakdown-resistance was conducted in the same manner as that 
of the measurement method of the leakage current of the first embodiment. 

FIG. 11 is the graph illustrating states of the change of the relative dielectric constant (k) of the insulating film 
relative to the N2O gas flow rate (seem) In the film fomiing gas and the relationship of the dielectric breakdown- 
resistance of the insulating film after annealing with the NgO gas flow rate and the relative dielectrte constant (k). 
In FIG. 11 , the ordinate indteates a relative dielectric constant (k) expressed by a linear scale, and the abscissa 
lndk»tes a NgO gas flow rate (seem) in the film fonning gas expressed by a linear scale. 

According to the results shown In FIG. 11 . as the NgO gas flow rate increases, the relative dielectric constant 
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(k) decreases. When the NgO gas flow rate becomes higher than about 400 seem, the relative dielectric constant 
(k) increases as the NgO gas flow rate becomes higher. The insulating film showed the dielectric breakdown- 
resistance when the NgO gas flow rate is equal to 400 seem or less, and did not show the dielectrte breakdown- 
resistance when the NgO gas flow rate was 600 seem. 
(6) Sixth embodiment 

[0069] A sixth embodiment of the present invention will be described with reference to FIG. 12. 
[0070] FIG 12 is a graph illustrating states of a change of a relative dielectric constant (k) of an insulating film relative 
to a He gas flow rate in a film fomiing gas, and a relationship of a dielectrfc breakdown-resistance of the insulating film 
after annealing with the He gas flow rate and the relative dielectric constant (k). 

[0071] First, the preparation conditions of the samples S10 to S14 used for this investigation will be described. The 
treatment conditions prior to the film fonnation and the annealing conditions are the same as those of the first embod- 
iment. The film fomrilng conditions are as follows. 

(Film fonning condition VI) 

[0072] 

(i) condition of film forming gas 

HMDSO flow rate: 50 seem 
flow rate: 400 seem 

He flow rate: parameters (100, 200, 400, 600 and 800 seem, each corresponding to the samples S10 to SI 4) 
gas pressure (P): 1 Torr 

(ii) condition for plasma formation 

high frequency power (13.56 MHz) PRF: 250 W 
low frequency power (380 KHz) PLF: 0 W 

(iii) substrate heating temperature: 375 **C 
(jv) fomied silicon-containing insulating film 

film thickness: 100 nm 

relative dielectnc constant: see FIG. 12 

Measurement of the relative dielectric constant was conducted before annealing in the same manner as the 
first eriribodiment. Measurement of the dielectric breakdown-resistance was conducted in the same manner as that 
of the measurement method of the leakage current of the first embodiment. 

FIG 12 is the graph illustrating the states of the change of the relative dielectric constant (k) of the insulating 
film relative to the He gas flow rate In the film fomiing gas, and the relationship of the dielectric breakdown-resist- 
ance of the insulating film after annealing with the He gas flow rate and the relative dielectric constant (k). 

In FIG. 12, the ordinate indicates the relative dielectric constant (k) expressed by a linear scale, and the ab- 
scissa indicates the He gas flow rate (seem) in the film forming gas, which Is expressed by a linear scale. 

According to the results shown In FIG. 1 2, as the He gas flow rate became higher, the relative dielectric constant 
(k) gradually increased. When the He gas flow rate was equal to 400 seem or less, the Insulating film did not show 
the dielectric breakdown-resistance, and came to show the dielectric breakdown-resistance when the He gas flow 
rate exceeded 400 seem. 
(7) Seventh embodiment 

[0073] A seventh embodiment of the present invention will be described with reference to FIG. 1 3. 
[0074] FIG. 1 3 Is a graph illustrating states of a change of a relative dielectric constant (k) of an Insulating film relative 
to a NgO gas flow rate in a film fonning gas and a relationship of a dielectric breakdown-resistance of the insulating 
film after annealing with the NgO gas flow rate and the relative dielectric constant (k). The seventh embodiment differs 
from the fifth embodiment (FIG. 11) In that the film forming gas contains a NH^ gas. 

[0075] First, the preparation conditions of the samples S1 5 to SI 9 used for this investigation will be described, the 
treatment conditions prior to the film fomnatlon and the annealing conditions are the same as those of the first embod- 
iment. The film forming conditions are as follows. 
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(Rim forming condition VII) 
[0076] 

(i) condition of film fomiing gas 

HMDSO flow rate: 50 seem 

He flow rate: 400 seem 
gas pressure (P): 1 Ton- 

(ii) condition for plasma fomiation 

high frequency power (13.56 MHz) FRF: 250 W 
low frequency power (380 KHz) PLF: 0 W 

(Hi) sut>strate heating temperature: 375 "C 
(iv) formed silicon-containing insulating film 

film thickness: 1 00 nm 

relative dielectric constant see FIG. 13 

Measurement of the relaUve dielectric constant was conducted in the same manner as the first embodiment 
W otr"^^ °f -^'^'^t""*^ breakdown-resistance was conducted in the same manner as 

that of the measurement method of the leakage current of the first embodiment 

FIG 13 IS the graph illustrating the states of the change of the relative dielectrto constant (k) of the insulatina 
f.lm relatn^e to the N,0 gas flow rate in the film fomiing gas and the relationship of the diel«=°rbrrakdr^^ 
res«tance of the insulating film after annealing with the N^O gas flow rate and the relative dielectric constant (k) 

in FIG. 13, the ordinate indicates the relative dielectric constant (k) expressed by a linear scale and the ab- 
scs^ indicates the N,0 gas flow rate (seem) in the film fonning gas. whfch is expreLd by a scate 
..n^TS ? "T" ^ "^20 gas flow rate becomes higher, the relative dielectric 

constant (k) decreases. When the N^O gas flow rate was at a range of 400 to 600 seem, the relative dieleSfc 

(8) Eighth embodiment »«« 

fSS32 fr embodiment of the present invention will be described with reference to FIG 14 

lr.IlL ^ ^'^^ illustrating states of achange of a relaUve dielectric constant (k) of an Insulating film relative 

L il ' ^ '"^1"^ """"'"^ 9^ ^ '^'^"""^'"P °^ « breakdovli-resistanceTKsri^^ 
film after annealing with the NH3 gas flow rate and the relative dielectric constant (k) ^ 

[0079] First, the preparation conditions of the samples S20 to S24 used for this Investigation will be described The 
iment. The film forming conditions are as follows. 
(Film fomiing condition VIII) 
[0080] 

(i) condition of film fomiing gas 

HMDSO flow rate: 50 scorn 
N2O flow rate; 400 seem 

g^pZ^l\^'T^r ^ ^""^ ^^""^ ~"^P°"^^"9 to the samples S20 to S24) 



(11) condition for plasma fomriation 

high frequency power (13.66 MHz) PRF: 250 W 
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low frequency power (380 KHz) PLF: 0 W 

(iii) substrate heating temperature: 375 ^'C 

(iv) formed silicon-containing insulating film 

film thjcl<ness: 100 nm 

relative dielectric constant: see FIG. 1 4 

Measurement of the relative dielectric constant was conducted in the same manner as the first embodiment 
before annealing. IVIeasurement of the dielectric breakdown-resistance was conducted In the same manner as 
that of the measurement method of the leakage current of the first embodiment. 

FIG. 14 is a the graph illustrating the states of the change of the relative dielectric constant (k) of the insulating 
film relative to a NH3 gas flow rate In the film fomiing gas and the relationship of the dielectric breakdown-resistance 
of the insulating film after annealing with the NH3 gas flow rate and the relative dielectric constant (k). 

In FIG. 14, the ordinate Indicates the relative dielectric constant (k) expressed by a linear scale, and the ab- 
scissa indicates the NH3 gas flow rate (seem) in the film fonnlng gas, which is expressed by a linear scale. 

According to the results shown in FIG. 14. when the NH3 gas flow rate was 50 seem, the relative dielectric 
constant was about 3, Then, as the NH3 gas flow rate Increased, the relative dielectric constant (k) rapidly In- 
creased, and the relative dielectric constant (k) stabilized at an almost certain value (about 6) in case of 400 seem 
or more of the NH3 gas flow rate. All of the samples S20 to S24 showed the dieleetrte breakdown-resistance. 
(9) Ninth embodiment 

[0081 1 Based on the foregoing fourth to eighth embodiments, It was proved that the dielectric breakdown-resistance 
Is larger as the relative dielectric constant is higher. Therefore, it is difficult for the single layers composed of the 
Insulating films according to the fourth to eighth embodiments to meet the demand for a low relative dielectric constant 
and a high dielectric breakdown-resistance. In order to meet this demand, it is suitable that the insulating film is at least 
composed of two or more layers, in which an insulating film showing an excellent dielectric breakdown-resistance In 
spite of a high relative dielectric constant and an insulating film showing a low relative dielectric breakdown-resistance 
in spite of a low relative dielectric constant are stacked. In this case, particulariy in order to satisfactory meet a demand 
for the low relative dielectric constant and the high dielectric breakdown-resistance, it Is preferable that an insulating 
film showing an excellent dielectric breakdown-resistance is made to be thin and an Insulating film showing a low 
relative dielectric constant Is made to be thick. 

[0082] The experiment results of the ninth embodiment of the present Invention conducted In complying with this 
spirit will be described with reference to FIGs. 15 to 18. 

[00831 The ninth embodiment differs from the fourth to eighth embodiments In that an Insulating film composed of a 
underiying film (symbol C} covering copper and a main insulating film (symbol O) fomied on the underlying film is 
fomied. The thickness of the underlying film was set to 1 0 nm, and the thickness of the main insulating film was set to 
90 nm. In this embodiment, the dielectric breakdown-resistance of the entire two-layered structure fomried of the two 
insulating films was investigated. 

[0084] In FIG. 15, the sorts (L1 to L3) of the underiying films prepared by changing the gas pressure P are shown, 
and the relationship between the gas pressure P and the relative dielectric constant is shown. 
[0085] In FIG. 16, the sorts (L4 and L5) of the underiying films prepared by changing the NgO gas flow rate are 
shown, and the relationship between the N2O gas flow rate and the relative dielectric constant is shown. 
[0086] In FIG. 1 7, the sorts (U1 to U3) of the main insulating films prepared by changing the gas pressure P are 
shown, and the relationship between the gas pressure P and the relative dielectric constant is shown. 
[0087] In FIG. 18, the results obtained by Investigating the dielectric breakdown-resistance of the two-layered Insu- 
lating film (S26 to S31) in whfch the underiying film of FIGs. 15 and 16 and the main insulating film of FIG. 17 are 
combined. 

[0088] FIG. 15 is a graph illustrating states of a change of the relative dielectric constant (k) of a underlying film 
relative to the gas pressure (P) of a film fomiing gas. In FIG. 1 5, the ordinate indicates the relative dielectric constant 
(k) expressed by a linear scale, and the abscissa indicates the gas pressure (P) (Torr) of the film forming gas, which 
Is expressed by a linear scale. 

[0089] First, the preparation conditions of the samples LI to L3 used for this investigation will be described. The 
treatment conditions prior to the film fomriation and the annealing conditions are the same as those of the first embod- 
iment. The film fomning conditions are as follows. 
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(Rim forming condition IX) 
[0090] 

(!) condition of film fomiing gas 

HMDSO flow rate: 50 seem 
N2O flow rate: 400 seem 
He gas flow rate: 400 seem 

gas pressure (P): 0.5, 1 .0 and 1 .5 Torr (0.5 Torr for L1 , 1 .0 Torr for 12, and 1 .5 Torr for L3) 
(ii) eondition for plasma formation 

high frequeney power (13,56 MHz) PRF: 250 W 
low frequency power (380 KHz) PLF: 0 W 

(III) substrate heating temperature: 375 

(Iv) fornied silicon-containing Insulating film (underlying film) 

film thickness: 10 nm 

relative dielectric constant: see FIG. 15 

Measurements of the relative dielectric constant were conducted before annealing in the same manner as that 
of the first embodiment. 

According to the results shown in FIG. 15, as the gas pressure (P) increases, the relative dielectric constant 
(k) also increases. When the gas pressure (P) is equal to 0.5 Torr, the relative dielectric constant is about 3.6. and 
when the gas pressure (P) Is 1 .0 Torr, the relative dielectric constant Is about 2.9, When the gas pressure P ik 1 .5 
Torr, the relative dielectric constant is about 2.7. 

FIG. 1 6 is a graph illustrating states of a change of the relative dielectric constant (k) of the formed underiying 
film relative to the N^O gas flow rate in the film fomiing gas. In FIG. 1 6, the ordinate indfcates the relative dielectric 
constant (k) expressed by a linear scale, and theabscissa indteates the N^O gas flow rate (seem) In the film forming 
gas, whteh is expressed by a linear scale. 

First, the preparation conditions of the samples L4 and L5 used for this investigation will be described. The 
treatment conditions prior to the film fonnation and the annealing conditions are the same as those of the first 
embodiment. The film forming conditions are as follows. 

(Rim fomiing condition X) 

[0091] 

(i) condition of film fomiing gas 

HMDSO flow rate: 50 seem 

NgO flow rate: 1 00 and 400 seem (1 00 seem for L4, and 400 seem for L5) 
He gas flow rate: 400 seem 
gas pressure (P): 1 .0 Ton' 

(ii) condition for plasma fomnatlon 

high frequency power (13.66 MHz) PRF: 260 W 
low frequency power (380 KHz) PLF: 0 W 

(ill) substrate heating temperature: 375 

(iv) formed silicon-containing insulating film (underiying film) 

film thickness: 1 0 nm 

relative dielectric constant: see FIG. 16 
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Measurement of the relative dielectric constant was conducted in this same manner as the first embodiment 
before annealing. 

According to the results shown In FIG. 16, when the NgO gas flow rate was 1 00 seem, the relative dielectric 
constant was about 3.1 , and when the NgO gas flow rate was 400 seem, the relative dielectric constant was about 
2.9. 

FIG. 17 is a graph Illustrating states of a change of a relative dielectric constant (k) of a main insulating film 
relative to a gas pressure P of the film fomiing gas, which is prepared under a film fomiing condition XI. In FIG. 
1 7, the ordinate indicates the relative dielectric constant (k) expressed by a linear scale, and the abscissa indicates 
the gas pressure (Ton-) of the film fomiing gas, which is expressed by a linear scale. 

First, the preparation conditions of the samples U1 to U3 used for this investigation will be described. The 
treatment conditions prior to the film fomiation and the annealing conditions are the same as those of the first 
embodiment. The film forming conditions are as follows. 

(Film fonnlng conditk>n XI) 

[0092] 

(I) condition of film fomiing gas 

HMDSO flow rate: 60 seem 
N2O flow rate: 400 seem 
He flow rate: 400 seem 

gas pressure (P): 0.5, 1 .0 and 1 .5 Torr (0.5 Ton- for U1 , 1 .0 Terr for U2, and 1 .6 Ton- Is for US) 

(II) condition for plasma fomiation 

high frequency power (13.56 MHz) PRF: 260 W 
low frequency power (380 KHz) PLF: 0 W 

(iil) substrate heating temperature: 375 "^C 

(Iv) fomied silicon-containing Insulating film (main insulating film) 

film thickness: 90 nm 

relative dielectric constant: see FIG. 17 

Measurements of the relative dielectric constant were conducted before annealing In the same manner as that 
of the first embodiment. 

According to the results shown in FIG. 17, as to the main Insulating film, when the gas pressure was 0.7 Ton-, 
the relative dielectric constant was about 3.1, and when the gas pressure was 1.0 Torr, the relative dielectric 
constant was about 2.9. When the gas pressure was 1 .5 Ton-, the relative dieiectric constant was about 2.7. 

Next, concerning the two-layered insulating film (S25 to S31) in which the main Insulating film (U1 to U3) and 
the various underiying films (LI to L5) are combined, the dielectric breakdown-resistance acquired will be de- 
scribed. The Insulating film S25 is obtained by combining the underlying film LI and the main insulating film U1 . 
The insulating film S26 is obtained by combining the underiying film L1 and the main insulating film U2. The insu- 
lating film S27 Is obtained by combining the underiying film LI and the main Insulating film U3. The Insulating film 
S28 is obtained by combining the underiying film L2 and the main Insulating film U3. The Insulating film S29 is 
obtained by combining the underlying film L3 and the main insulating film U2. The insulating film S30 is obtained 
by combining the underlying film L4 and the main insulating film U3.The Insulating film S31 is obtained by combining 
the underiying film L5 and the main insulating film U3. 

FIG. 18 is a graph illustrating a dielectric breakdown-resistance acquired for the samples S25 to S31 . The 
abscissa indicates the relative dielectric constant of the underlying film, which is expressed by a linear scale, and 
the ordinate indicates the relative dielectric constant of the main Insulating film, which Is expressed by a linear 
scale. Measurements of the dielectric breakdown-resistance were conducted according to the same method as 
the measurement method of the leakage cun-ent of the first embodiment. 

According to FIG. 1 8, only the sample S29 has insufficient dielectric breakdown-resistance, and the samples 
other than the sample S29 have sufficient dielectric breakdown-resistance. Herein, with respect to the relative 
dielectric constant of the underlying films, only the sample S29 has a relative dielectric constant as low as 2.7, and 
the samples other than the sample S29 have relative dielectric constants of 2.9 or more. Moreover, with respect 
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to the relative dielectric constant of the main insulating films, the samples S27, S28, S30 and S31 have a relative 
dielectric constant as low as 2.7. and other samples have relative dielectric constants of 2.9 or more. In other 
words, when the relative dielectric constant of the underiying film is low. the dielectric breakdown-resistance tends 
to decrease in^espectlve of the magnitude of the relative dielectric constant of the main insulating film. Specifically, 
this implies that the dielectric breakdown-resistance is decided depending on the nature of the underiying film In 
order to increase the dielectric breakdown-resistance of the two-layered insulating film, the relative dielectric con- 
stant of the underiying film must be made to be high to some degree. 

Based on these results, in order to meet the demand for the low relative dielectric constant and the high 
dielectric breakdown-resistance, the insulating film Is preferably fomied so that the underiying film Is formed to be 
as thin as possible by increasing the relative dielectric constant of the underiying film to some degree, and so that 
the insulating film has a thickness necessary to serve as an interlayer insulating film by decreasing the relative 
dielectric constant of the main insulating film as low as possible. 

Although the invention has been described In detail with reference to embodiments, the scope and spirit of 
the present invention are not limited to the specific examples described in the above-described embodiments. It 
should be understood that various changes, substitutions and alternations can be made hereto without the parting 
from the spirit and scope of the invention. 

For example, in the first embodiment, though hexamethyldlslloxane (HMDSO) is used as the alkyi compound 
having the siloxane bond, alkyI compounds having the slloxane bond other than the foregoing alkyI compound, for 
example, octamethylcyclotetrasiloxane (OMCTS). tetramethytoyclotetrasiloxane (TMCTS) or octamethyl-lrisl- 
loxane (OMTS), can be used. 

Moreover, in the first embodiment, though the dinitrogen monoxide (NgO) gas is used as the oxygen-containing 
gas, any one of oxygen (O2), water (H2O) and carbon dioxide (COg) may be used instead of dinitrogen monoxide 
(N2O). 

In the first to third embodiments, though the gas containing hydn^carbon is not used, methane (CHJ or acet- 
ylene {C2H2) may be added thereto . 

Furthermore, without using the alkyI compound having the siloxane bond of the foregoing embodiment, methyl 
silane or an alkyI compound having an 0-Si-O bond can alternatively be used. 

In this case, any one of mo nomethyl silane (SIHaCCHa)), dimethyl silane (SiH2(CH3)2). trimethyl silane (SIH 
(CH3)3) and tetramethyl silane (Si(CH3)4) can be used as methyl silane. As the alkyI compound having an 0-Si- 
O bond, a compound having a structural fonnula of CH3-0-Si(CH3)2-0-CH3 can be used. 

As described above, according to the present invention, a film fomning gas containing an alkyI compound and 
an oxygen-containing gas is supplied between the first and second electrodes, and the gas pressure is regulated 
to 1 Torr or less. Thereafter, the high frequency power of a frequency of 1 MHz or more is supplied to any one of 
the first and second electrodes, and thus the film fonning gas is converted into a plasma state. The alkyI compound 
and the oxygen-containing gas contained in the plasmanized film fomiing gas are reacted with each other, and 
the bam'er insulating film covering the copper wiring is formed. 

By use of the film fomiing gas converted into a plasma state only by the high frequency power, it is possible 
to achieve the low relative dielectric constant. Moreover, by regulating the pressure of the film forming gas to 1 
Torr or less at least at the eariy stage of the film fomiatlon , it is possible to maintain the denseness of the insulating 
film enough to prevent the copper diffusion. 

Moreover, by any one of the following methods or combinations of them, denseness of the insulating film can 
be enhanced while maintaining the low relative dielectric constant: the insulating film is formed while increasing 
the pressure of the film forming gas from a low pressure to a pressure of 1 Torr gradually; the film forming gas 
containing at least any one of ammonium (NH3) and nitrogen (N2) is used for the fonnation of the insulating film- 
at least any one of ammonium (NH3) and nitrogen (N2) Is added to the film forming gas at the eariy stage of the 
film fomiatlon; the film fomiing gas containing the dilution gas of at least any one of He and Ar is used; the film 
forming gas containing the dilution gas is used while increasing the flow rate of the dilution gas; and the bias power 
of the low frequency is applied at the eariy stage of the film fomiation. 

Moreover, by adding the hydrocart>on, the fonnedfilm can be enhanced in the etching selectivity forthe etchant 
of the insulating film with the low relative dielectric constant. 



Claims 



1 . A method of manufacturing a semfconductor device, comprising the steps of: 

connecting a supply power source (7) for supplying high frequency power of a frequency of 1 MHz or more to 
a first electrode (2). and holding a substrate (21) on a second electrode (3) facing the first electrode (2). the 
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substrate (21) on which at least any one of a wiring and an electrode mainly made of a copper film is formed; 
supplying a film fonning gas containing an alky! compound and an oxygen-containing gas between the first 
and second electrodes (2), (3), and regulating a gas pressure of the film fonning gas to 1 Torr or less; and 
supplying the high frequency power to any one of the first and second electrodes (2), (3) to convert the film 
forming gas into a plasma, and allowing the alkyi compound and the oxygen-containing gas of the film fonning 
gas to react with each other and thus fomi a barrier Insulating film covering any one of the wiring and the 
electrode. 

2. The method according to claim 1 , 

wherein the aikyi coriipound Is any one of hexamethyldislloxane (HMDSO :(CH3)3Si-0-Si(CH3)3), octame- 
thylcyclotetrasiloxane (OMCTS), tetramethylcyclotetraslloxane (TMCTS) and octamethyltrislloxane (OMTS). 

3. The method according to claim 1 , 

wherein the alkyI compound Is any one of monomethylsilane (SIH3(CH3)), dimethylsllane (SiH2(CH3)2). trl- 
methylsilane (SiH(CH3)3) and tetramethylsilane (Si(CH3)4). 

4. The method according to claim 1 , 

wherein the alky! compound Is a compound having an O-Sl-O bond. 

5. The method according to claim 4, 

wherein the compound having the O-SI-O bond Is CH3-0-SI(CH3)2-0-CH3. 

6. The method according to claim 1 , 

wherein the oxygen-containing gas Is any one of O2, NgO, H2O and CO2. 

7. The method according to claim 6, 

wherein the oxygen-containing gas is N2O, and a flow rate of the oxygen-containing gas relative to the alkyI 
compound Is equal to 8 or less. 

8. The method according to claim 1 , 

wherein the film forming gas contains a dilution gas composed of at least any one of He and Ar. 

9. The method according to claim 8, 

wherein the dilution gas is He, and a flow rate of the dilution gas relative to the alkyI compound Is equal to 
8 or more, 

10. The method according to any one of claims 1 , 8 and 9, 

wherein the film fonning gas contains hydrocarbon. 

1 1 . The method according to claim 1 0, 

wherein the hydrocarbon is any one of methane (CH4), acetylene {C2H2) and ethylene (C2H4). 

12. The method according to claim 1 , 

wherein any one of an ammonium gas and a nitrogen gas Is added to the film fonning gas at least at an early 
stage of the step of converting the film forming gas Into the plasma and allowing the alkyI compound and the 
oxygen-contalning gas of the film forming gas to react with each other and thus fonn the barrier Insulating film 
covering any one of the wiring and the electrode. 

13. The method according to any one of claims 8 and 9, 

wherein the flow rate of the dilution gas is increased at least at an early stage of the step of converting the 
film fonning gas into the plasma and allowing the alkyI compound and the oxygen-contalning gas of the film fonning 
gas to react with each other and thus fonn the barrier Insulating film covering any one of the wiring and the electrode. 

14. The method according to claim 1 , 

wherein In the step of fonning the banier insulating film, the ban-ler Insulating film Is fonned while Increasing 
a pressure of the film fonning gas from a low pressure to 1 Torr gradually. 

1 5. The method according to claim 1 , 
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wherein in the step of converting the film forming gas into the plasma and allowing the alkyi compound and 
the oxygen-containing gas of the film fomiing gas to react with each other and thus fomi the barrier insulating film 
covering any one of the wiring and the electrode, the insulating film is fornied in a manner that a gas pressure is 
kept at 1 Ton- or less in an eariy stage of a film formation, and kept at a pressure higherthan 1 Torr in a remaining 
stage thereof to completion of the film fomiation of the barrier insulating film. 

1 6. The method according to claim 1 , 

wherein only at an early stage of the step of supplying the high frequency power to any one of the first and 
second electrodes (2). (3) to convert the film fomning gas into the plasma, and allowing the alkyI compound and 
the oxygen-containing gas of the film forming gas to react with each other andthus form the barrier insulating film 
covering any one of the wiring and the electrode, the high frequency power is supplied to any one of the first and 
second electrodes (2). (3), and low frequency power of a frequency equal to or larger than 60 kHz and less than 
1 MHz IS supplied to the electrode (3), (2) other than that supplied with the high frequency power. 

'5 17. The method according to claim 1 . 

wherein after the step of fomiing the barrier insulating film covering any one of the wiring and the electrode 
plasma composed of any one of an inert gas, a nitrogen gas. an ammonium gas and a dinitrogen monoxide gas' 
Is contacted onto a surface of the banler insulating film. 
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FIG. 2A 



ALKYL COMPOUND 



OXYGEN-CONTAINING GAS 



GAS PRESSURE 



KITorr 



HIGH FREQUENCY POWER 



FIG. 2B 



ALKYL COMPOUND 



OXYGEN-CONTAINING GAS 1 



GAS PRESSURE 0.3Torr, 



1 



ilTorr 



HIGH FREQUENCY POWER f 



nG.2C 



ALKYL COMPOUND 



OXYGEN-CONTAINING GAS 



GAS PRESSURE =<1Torrf 



>1Torr 



HIGH FREQUENCY POWER 



EP1321 976 A2 



FIG. 2D 
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FIG. 3 
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FIG. 5 
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FIG. 7 
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FIG. 8 
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FIG. 9 
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FIG. 11 
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FIG. 15 
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FIG. 17 
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